Abstract. Our previous study demonstrated that thymic stromal lymphopoietin (TSLP) secreted by cervical cancer cells promotes angiogenesis and recruitment, and regulates the function of eosinophils (EOS). However, the function of TSLP in the crosstalk between EOS and vascular endothelial cells in cancer lesions remains unknown. The aim of the present study was to investigate the effect of EOS caused by TSLP in in vitro angiogenesis of human umbilical vein endothelial cells (HUVECs). The results of the present study revealed that recombinant human TSLP protein (rhTSLP) increased the secretion of vascular endothelial growth factor (VEGF), but not fibroblast growth factors, in HL-60-eosinophils (HL-60E). Compared with cervical cancer cells (HeLa or CasKi cells) or HL-60E alone, there were increased levels of interleukin (IL)-8 and VEGF in the co-culture system between cervical cancer cells, and HL-60E cells. This effect was strengthened by rhTSLP, but inhibited by inhibiting the TSLP signal with anti-human TSLP or TSLP receptor neutralizing antibodies. The results of the tube formation assays revealed that treatment with the supernatant from cervical cancer cells and/or HL-60E resulted in an increase in angiogenesis in HUVECs, which could be decreased by TSLP or TSLPR inhibitors. The results of the present study suggested that TSLP derived of cervical cancer cells may indirectly stimulate angiogenesis of HUVECs, by upregulating IL-8 and VEGF production, in a co-culture model between cervical cancer cells and EOS, therefore promoting the development of cervical cancer.
Introduction
Cervical cancer is one of the most common types of gynecological malignancy with high morbidity and mortality, and seriously affects the living quality of females worldwide (1) . The pathogenesis of cervical cancer remains unknown and may be connected with numerous factors (e.g. recurrent genetic alterations, microenvironment and lifestyle) (2, 3) . According to the latest Cancer Statistics between 2000 and 2011 in China (4), there were ~98,900 new cases of cervical cancer, with >30,500 mortalities from the disease.
Angiogenesis is defined as the formation of new blood vessels from pre-existing vessels, and is essential for the delivery of nutrients and oxygen to cells that are distant from existing blood vessels (5) . Physiological angiogenesis is a sequence of cellular events comprising vascular initiation, formation, maturation, remodeling and regression, which are regulated to supply tissue requirements (5) (6) (7) . It has been demonstrated that angiogenesis is essential for the growth, metastasis and development of cancer (8) . The biochemical stimulation of angiogenesis is induced by angiogenic factors, including vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), interleukin (IL-)8, angiopoietins, matrix metalloproteinases (MMPs), cadherins and integrins (9) (10) (11) .
Thymic stromal lymphopoietin (TSLP) is a cytokine produced by stromal cells, epithelial cells, fibroblasts, keratinocytes and basophils (12) (13) (14) . TSLP triggers T helper 2 cell cytokines, including thymus and activation regulated chemokine, and is associated with airway inflammatory disease, allergic responses, immunoglobulin E production and eosinophilia (12, 13, 15) . The TSLP receptor (TSLPR) is a typical heterodimeric cytokine receptor consisting of a TSLP binding subunit (TSLPRα) and the α-subunit of the IL-7 receptor (IL-7Rα) (16, 17) . Our previous study demonstrated that TSLP secreted by cervical cancer cells promotes angiogenesis (18) . In addition, an increased level of TSLP in cancer lesions, mediated by hypoxia, was a regulator of the progression of cervical cancer, and functioned by recruiting and enabling tumor-associated eosinophils (EOS) to promote the growth of the cervical cancer cells (19) . However, it remains unknown whether and how TSLP, derived from cervical cells, regulates angiogenesis by modulating the crosstalk between cervical cancer cells and EOS. Therefore, the aim of the present study was to investigate the effect of TSLP on the secretion of angiogenic factors VEGF, FGF and IL-8 from EOS, and cervical cancer cells, and on the angiogenesis of human umbilical vein endothelial cells (HUVECs) in vitro.
Materials and methods
Cell culture. Cervical epidermoid carcinoma HeLa and CasKi cells (Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China) were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 5% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA). HL-60 cells, a promyelocytic leukemia cell line, were purchased from the Type Culture Collection of the Chinese Academy of Sciences. According to a previous study (19) , the HL-60-eosinophils (HL-60E) were generated by incubating HL-60 cells for 2 months at pH 7.7 in RPMI-1640 medium containing 25 mM N-(2-hydroxyethyl) piperazine-N'-3-propane-sulfonic acid (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and subsequently culturing for 7 days in RPMI-1640 medium with 0.5 mM butyric acid (Sigma-Aldrich; Merck KGaA). HUVECs (Type Culture Collection of the Chinese Academy of Sciences) were maintained as monolayers in Dulbecco's modified Eagle medium/F-12 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. These cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 .
Co-culture of HL-60E with HeLa or CasKi cells. HeLa and CasKi cells (2x10
5 cells/well) were cultured with HL-60E cells (2x10 5 cells/well) in a humidified incubator with 5% CO 2 at 37˚C for 48 h and subsequently incubated with or without recombinant human TSLP protein (rhTSLP; 100 ng/ml; R&D Systems, Inc., Minneapolis, MN, USA), anti-human TSLP or anti-TSLPR neutralizing antibodies (α-TSLP or α-TSLPR; 5 µg/ml; R&D Systems, Inc.) in a humidified incubator containing 5% CO 2 at 37˚C for 48 h, and 1% PBS, as a negative control. Supernatants of the co-culture system were selected for ELISA analysis or tube formation assay. Each experiment was performed in six parallel wells and repeated five times.
ELISA. HL-60E cells (2x10
5 cells/well) were seeded in 24-well plates and treated with rhTSLP (1, 10 or 100 ng/ml) or 1% PBS (negative control) at 37˚C for 48 h. Subsequently, the cell culture supernatants were harvested, centrifuged at 300 x g at 4˚C for 10 min to remove cellular debris and stored at -80˚C until use. The secretion level of IL-8, VEGF and FGF was determined using human IL-8 (cat. no. EH005-96), VEGF (cat. no. EH015-96) and FGF (cat. no. EH022-96) ELISA kits (Shanghai ExCell Biology, Inc., Shanghai, China), respectively, according to the manufacturer's protocol. In addition, the protein concentration of the control, 1, 10 and 100 ng/ml rhTSLP groups was determined and the cytokine level of each group was calculated as the ratio of the cytokine concentration of the supernatant to the protein concentration. The experiment was repeated three times. In addition, the level of IL-8, VEGF and FGF in the supernatants of the co-culture system with HeLa or CasKi cells as described above was determined using ELISA. Each experiment was performed in six parallel wells and repeated five times.
Tube formation assay (Matrigel assay). HUVECs (2x10
4 cells/well) were seeded in 96-well plates on growth factor-reduced Matrigel in RPMI-1640 medium (5% FBS) with recombinant human VEGF protein (10 ng/ml; a positive control; R&D Systems, Inc.). Subsequently, HUVECs were stimulated with the supernatants from HeLa (following treatment with or without α-TSLP or α-TSLPR as aforementioned), CasKi (following treatment with or without α-TSLP or α-TSLPR as aforementioned), HL-60E, co-culture of HL-60E and HeLa, or co-culture of HL-60E and CasKi cells; the RPMI-1640 medium with 5% FBS was used as a negative control. After 16 h, in five randomly chosen optical fields with light microscopy, capillary-like tube formation was quantified by counting the numbers of junctions/enclosed circles (original magnification, x100). Each experiment was performed in six parallel wells and repeated five times.
Statistical analysis.
All values are presented as the mean ± standard error of the mean. The data were analyzed using GraphPad Prism (version 5; GraphPad Software, Inc., La Jolla, CA, USA) by one-way ANOVA using Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

rhTSLP promotes VEGF secretion of HL-60E cells.
In order to explore the secretion of TSLP on tumor-associated angiogenic factors from EOS, HL-60E cells were treated with different concentrations of rhTSLP protein for 48 h. As presented in Fig. 1 , rhTSLP stimulated the production of VEGF from HL-60E cells in a dose-dependent manner ( Fig. 1A; P<0.05 or P<0.001 compared with control). Compared with the control group, there was no significant alteration in the level of FGF secreted from HL-60E following stimulation with rhTSLP ( Fig. 1B; P>0 .05 compared with control). In addition, the secretion of IL-8 in HL-60E was undetected (data not shown). The results of the present study demonstrated that exogenous TSLP upregulated VEGF secretion of HL-60E cells, and may be involved in the promotion of angiogenesis.
Co-culture of HL-60E with cervical cancer cells increases the production of IL-8 and VEGF.
In order to imitate the local immune environment, a co-culture system of HL-60E and HeLa or CasKi cells was constructed. As presented, HeLa or CasKi cells alone secreted an increased level of IL-8 and VEGF compared with that secreted by HL-60E cells alone ( Fig. 2A and B) . Following co-culture of HL-60E and HeLa, there were increased levels of IL-8 ( Fig. 2A ; P<0.001 compared with HeLa cells alone or HL-60E alone) and VEGF ( Fig. 2B ; P<0.01 compared with HeLa cells alone; P<0.001 compared with HL-60E alone), but no change in FGF production ( Fig. 2C ; P>0.05 compared with HeLa cells alone or HL-60E alone). Notably, IL-8, VEGF and FGF levels were increased in co-culture of HL-60E and CasKi cells ( 
TSLP-derived of cervical cancer cells upregulates the secretion of IL-8 and VEGF.
To explore whether TSLP secreted by cervical cancer cells is involved in regulating the level of IL-8, VEGF and FGF in a co-culture system, rhTSLP, α-TSLP or α-TSLPR was added to the co-culture system. As presented, rhTSLP increased IL-8 and VEGF levels in both co-culture systems compared with the control co-culture groups ( Fig. 3A and B; P<0.01 or P<0.001). Inhibiting the TSLP signal with α-TSLP or α-TSLPR resulted in the decreased secretion of IL-8 and VEGF in the co-culture systems ( Fig. 3A and B; P<0 .05 or P<0.01). However, neither rhTSLP nor TSLP signal inhibitors affected the FGF production in the co-culture system ( Fig. 3C ; P>0.05). These results suggested that endogenous TSLP secreted by cervical cancer cells causes an increased production of angiogenic factors in the co-culture system between cervical cancer cells and EOS.
TSLP stimulates angiogenesis by strengthening the interaction between cervical cancer cells and EOS.
To identify the function of cervical cancer cells and EOS in the regulation of angiogenesis in HUVECs, HUVECs were stimulated with the supernatants from HeLa (S-HeLa), CasKi (S-CasKi), HL-60E (S-HL-60E), co-culture of HL-60E and HeLa (S-H+H), or co-culture of HL-60E and CasKi (S-H+C), and the tube formation of HUVECs were subsequently analyzed. As a positive control, rhVEGF protein significantly stimulated angiogenesis of HUVECs compared with the control ( Fig. 4A and B; P<0.001). Compared with the control, S-HeLa, S-CasKi or S-HL-60E resulted in an increase in angiogenesis of HUVECs in vitro ( Fig. 4A and B ; P<0.05). Compared with S-HeLa, S-CasKi and S-HL-60E alone, S-H+H and S-H+C exhibited a significantly increased stimulatory effect on tube formation of HUVECs ( Fig. 4A and B; P<0.01 or P<0.001).
Subsequent analysis revealed that these effects may be abrogated by inhibiting TSLP or TSLPR ( Fig. 5A and B ; P<0.01 compared with control). The results of the present study suggested that the interaction between HL-60E and cervical cancer cells promotes angiogenesis of HUVECs in vitro. Furthermore, TSLP may trigger this process by producing IL-8 and VEGF secretion.
Discussion
EOS infiltration is a common host response of solid tumors. However, there is no change observed in the number and activation state of peripheral blood EOS (20) (21) (22) . Ayhan et al (23) demonstrated that between 25 and 100% of cervical carcinoma tissues contained EOS, and between 2 and 26% of cervical tumor microenvironments exhibited a significant proportion of EOS infiltration (23) . EOS express numerous types of surface functional molecules, including pattern-recognition receptors, siglec-lectin receptors, adhesion molecules, Toll-like receptors, and receptors for cytokines and chemokines (20, 24) . The expression of these molecules are required for functions in cytotoxic activity via secretory granule proteins, including a matrix composed of eosinophil cationic protein, major basic protein 1 and 2, eosinophil-derived neurotoxin, and eosinophil peroxidase. Three cytokines, IL-3, IL-5 and granulocyte macrophage colony-stimulating factor (GM-CSF), are required for the regulation of EOS development. EOS may be recruited via eosinophil chemokines eotaxin-1 (CCL11), eotaxin-2 and eotaxin-3 (24, 25) . In the majority of types of solid tumor, EOS tissue infiltration is located in the tumor necrosis area (21) . Our previous study revealed that EOS infiltration of the lesion site increased with the progression of cervical cancer (19) . TSLP of cervical cancer cells induced by hypoxia was identified to be involved in the recruitment of EOS by stimulating the secretion of chemokine (C-C motif) ligand 17 (19) . Previous studies have demonstrated an improved prognosis with tumor-associated tissue eosinophilia (TATE), due to the tumoricidal effects of EOS via degranulation in the local cancer lesions (26, 27) . However, other studies have suggested that TATE was a poor prognostic indicator in distinct types of solid tumor, including oral squamous cell carcinoma and cervical carcinoma (19, 28) . Thus, the underlying molecular mechanism of EOS in cancer remains unknown. Previously, we have demonstrated that abnormal increased TSLP in cancer lesions is an important regulator in the progression of cervical cancer, via recruiting and enabling tumor-associated EOS to promote the growth of cervical cancer cells (19) .
Blood vessels may serve as a promoter for cancer growth and metastasis by transporting oxygen and nutrients, and removing metabolites (29) . Furthermore, in order to metastasize, cancer cells must invade the tumor-associated neovasculature to obtain access to a distant site in the body (30) . Angiogenesis, the formation of new blood vessels from existing ones, is an essential process in physiological and pathological conditions (31, 32) . Numerous cytokines, including VEGF, regulate the functions of vascular endothelial cells (32) (33) (34) . Our previous study demonstrated that cervical cancer cells stimulate angiogenesis of vascular endothelial cells by secreting TSLP (18) .
A previous study revealed that the recruitment of EOS to the tumor site may promote angiogenesis and this effect may be induced by VEGF (35) . In addition, EOS releases angiogenic factors, including FGF, IL-6, IL-8, GM-CSF, platelet derived factor and transforming growth factor β (36) . A previous in vivo study demonstrated that EOS-derived CCL11 induced an angiogenic response (37) . EOS and tumor associated macrophages accumulated in the hypoxic and/or necrotic areas of mouse subcutaneous B16F10 melanoma, and this process was associated with EOS degranulation (22) . These particles of EOS degranulation contain VEGF and other angiogenic factors, which may promote tumor angiogenesis in the hypoxic areas (38, 39) . In addition, EOS promotes angiogenesis in local cancer lesion by releasing a large number of vasoactive leukotrienes (40) . Therefore, in the present study, it was hypothesized that TSLP produced by cervical cancer cells may indirectly regulate angiogenesis by influencing EOS function. The results of the present study demonstrated that rhTSLP treatment significantly upregulated the level of VEGF, but not the FGF level in HL-60E cells in vitro. EOS of peripheral blood could produce IL-8. HL-60E cells did not secrete IL-8. However, HL-60E may promote IL-8 secretion from HeLa or CasKi cells. Following the co-culture of HL-60E cells with HeLa or CasKi cells, the secretion level of IL-8 and VEGF was significantly increased, and this effect was upregulated and inhibited by rhTSLP, and TSLP signal inhibitors, respectively. The results of the present study suggested that TSLP results in an increased level of angiogenic factors through promoting the interaction between EOS and cervical cancer cells.
Subsequent analysis revealed that cervical cancer cells (HeLa or CasKi) and EOS promoted the angiogenesis of HUVECs in vitro, in particular following the co-culture of cervical cancer cells and EOS. However, these effects were inhibited by suppressing TSLP or TSLPR by α-TSLP or α-TSLPR, respectively, which supported our hypothesis.
The present study demonstrated that TSLP derived from cervical cancer cells promotes the secretion of VEGF of EOS by binding TSLPR and increases the levels of angiogenic factors (IL-8 and VEGF) in the co-culture system by stimulating the interaction between cervical cancer cells and EOS (Fig. 6) . The effects of TSLP on cervical cells and EOS may result in the increase of tumor angiogenesis, and contribute to the development and progression of cervical cancer. The results of the present study further the understanding of the biological function of EOS in cancer progression. However, the molecular exact mechanism underlying the effects of TSLP on the level of angiogenic factors secreted from cervical cancer cells and EOS remains unknown, and requires further investigation. Figure 5 . Stimulatory effect of cervical cancer cells and EOS on angiogenesis is dependent on TSLP. Following pre-treatment with α-TSLP (5 ug/ml) or α-TSLPR (5 ug/ml) for 48 h, supernatants were selected from the co-culture system of HL-60E with (A) HeLa or (B) CaSki cells. Subsequently, HUVECs were stimulated with these supernatants and angiogenesis was analyzed using a tube formation assay. The data are expressed as the mean ± standard error of the mean. ** P<0.01 vs. control, using one-way analysis of variance. EOS, eosinophils; Ctrl, control; S-H+H, supernatant of co-culture of HL-60E with HeLa cells; S-H+C, supernatant of co-culture of HL-60E with CaSki cells; EOS, eosinophils; TSLP, thymic stromal lymphopoietin; α-TSLP, anti-human TSLP neutralizing antibody; α-TSLPR, anti-human TSLP receptor neutralizing antibody; HUVECs, human umbilical vein endothelial cells. Figure 6 . Function of TSLP in angiogenesis by affecting the crosstalk between cervical cancer cells and EOS. Cervical cancer cells secrete an increased level of TSLP. TSLP stimulates the secretion of angiogenic factors (including IL-8 and VEGF) in an autocrine manner; however, TSLP promotes the production of IL-8 and VEGF in a paracrine manner. Together, the dialogue between cervical cancer cells and EOS mediated by TSLP promotes angiogenesis of HUVECs, and thereby accelerates the progress of cervical cancer cells. EOS, eosinophils; TSLPR, thymic stromal lymphopoietin receptor; IL, interleukin; VEGF, vascular endothelial growth factor; VEC, HUVEC; HUVECs, human umbilical vein endothelial cells.
